The genotype of Salmonella enterica serovar Enteritidis was correlated with the phenotype using DNA-DNA microarray hybridization, ribotyping, and Phenotype MicroArray analysis to compare three strains that differed in colony morphology and phage type. No DNA hybridization differences were found between two phage type 13A (PT13A) strains that varied in biofilm formation; however, the ribotype patterns were different. Both PT13A strains had DNA sequences similar to that of bacteriophage Fels2, whereas the PT4 genome to which they were compared, as well as a PT4 field isolate, had a DNA sequence with some similarity to the bacteriophage ST64b sequence. Phenotype MicroArray analysis indicated that the two PT13A strains and the PT4 field isolate had similar respiratory activity profiles at 37°C. However, the wild-type S. enterica serovar Enteritidis PT13A strain grew significantly better in 20% more of the 1,920 conditions tested when it was assayed at 25°C than the biofilm-forming PT13A strain grew. Statistical analysis of the respiratory activity suggested that S. enterica serovar Enteritidis PT4 had a temperature-influenced dimorphic metabolism which at 25°C somewhat resembled the profile of the biofilm-forming PT13A strain and that at 37°C the metabolism was nearly identical to that of the wild-type PT13A strain. Although it is possible that lysogenic bacteriophage alter the balance of phage types on a farm either by lytic competition or by altering the metabolic processes of the host cell in subtle ways, the different physiologies of the S. enterica serovar Enteritidis strains correlated most closely with minor, rather than major, genomic changes. These results strongly suggest that the pandemic of egg-associated human salmonellosis that came into prominence in the 1980s is primarily an example of bacterial adaptive radiation that affects the safety of the food supply.
Salmonella enterica serovar Enteritidis is the leading cause of food-borne salmonellosis worldwide (16, 17, 22) . Its success as a pathogen is at least partially due to its unusual biology that results in tropism for the avian reproductive tract and the production of contaminated eggs by hens that otherwise appear to be healthy (7, 22, 35, 82) . The problem is relatively well controlled in the United States, which has an incidence of about three confirmed human cases per 100,000 individuals per year (3, 4) . However, the incidence in any one region or country can be much higher, as exemplified by Germany, which has a current incidence of about 65 cases per 100,000 individuals per year (1, 5) . The ongoing concerns are that the incidence of illness caused by S. enterica serovar Enteritidis could rapidly increase to levels of more than 100 cases per 100,000 individuals per year, as has happened on occasion in Europe, that an increasing number of foodstuffs are susceptible to contamination (2, 13, 32, 61, 62, 66, 67) , and that another of the 2,500 serotypes Salmonella could develop the ability to contaminate eggs (19) . The demonstrated abilities of this pathogen to internalize in mangos and to colonize almonds suggest that the ability of Salmonella to contaminate eggs is correlated with the fact that it is a generally more pervasive pathogen in a number of on-farm environments (2, 67) .
Analysis of the S. enterica serovar Enteritidis cell surface has revealed that certain wild-type strains efficiently produce a capsule-like O-chain region of lipopolysaccharide (LPS), known as high-molecular-mass LPS (HMM LPS), whereas S. enterica serovar Typhimurium does not produce this region (21, 65) . Production of HMM LPS correlates with high-celldensity growth, swarm cell differentiation on hard agar surfaces, and a high incidence of egg contamination in hens (22, 24, 64) . Another virulent subpopulation of S. enterica serovar Enteritidis produces a biofilm, which is a complex organic matrix composed of fimbriae, cellulose, glycosylated flagella, and a low-molecular-mass O chain of LPS (26, 56, 74, 80, 86) . Biofilm-forming S. enterica serovar Enteritidis is more invasive orally in chickens than the wild type, but it does not contaminate eggs (21, 26) . Exposure of hens to a mixture of subpopulations reliably results in a high incidence of egg contamination following low-dose contact infection (20) . However, infections with single subpopulations do not result in contamination at an incidence that can be detected in hens experimentally infected by low-dose contact exposure (21) . The hen places stringent selection pressure on mixed subpopulations, which results in the recovery of only the wild-type subpopulation from eggs (21) . Thus, S. enterica serovar Enteritidis is a pathogen that has different virulence properties at different stages in its complex infection pathway, which culminates in illness in humans who consume undercooked eggs (22, 82) .
Phage type is another factor that may contribute to the overall incidence of illness in humans. The proprietary phage typing system for S. enterica serovar Enteritidis uses more than 10 poorly characterized typing phage to produce patterns of lysis that categorize strains (23, 34, 85) . The S. enterica serovar Enteritidis phage typing scheme has not been well characterized for receptor binding properties, so detection of lysis reveals little about cell surface properties except by way of inference from disparate data sources (23, 34) . S. enterica serovar Enteritidis may have emerged as a pandemic following global dispersion of a single transient phage type, designated phage type 1 (PT1). This phage type rapidly produced at least two major phage lineages, namely, PT4 (including PT6, PT6A, PT7, and other types), and non-PT4 (including the PT13A strain investigated here, as well as other prominent strains, such as PT8 and PT23) (23, 85) . Historically, S. enterica serovar Enteritidis PT4 has been associated with a higher incidence of human illness, but the balance of phage on farms is dynamic and many different phage types have caused outbreaks (15) . Investigators have not been able to identify phage type-specific virulence factors (18, 23, 39, 48, 62, 63, 71) . Therefore, it is not known if phage type affects the incidence of egg contamination by lytic competition or lysogenic conversion in the on-farm environment. Both the PT4 and non-PT4 lineages produce variant colony morphologies (21) , but currently there are no known metabolic differences between the two phage types; thus, there are no selective plating media available for discriminating between phage types of S. enterica serovar Enteritidis as there are for associating sorbitol-negative Escherichia coli with production of Vero cell toxin (30, 60, 76) . Ribotyping and other discriminatory fingerprinting methods that can detect single nucleotide polymorphisms (SNPs) are currently used to analyze S. enterica serovar Enteritidis genetic relatedness and to track sources of outbreaks (42, (44) (45) (46) (47) .
In this study we correlated variant phenotypes of S. enterica serovar Enteritidis with genotypes by making two sets of comparisons between three prototypical strains that together represent (i) the two major phage type lineages, PT4 and non-PT4, and (ii) two subpopulations with variant phenotypes that vary in the ability to contaminate eggs within a single non-PT4 lineage phage type, PT13A. This approach was possible because of the availability of new information about the completed S. enterica serovar Enteritidis PT4 genome (sequence data produced by the Beowulf Genomics Sequencing Group at the Sanger Institute, which can be obtained at ftp://ftp.sanger .ac.uk/pub/pathogens/Salmonella/SEpt4.dbs) and because of the development of high-throughput Phenotype MicroArrays that assay the growth of bacteria by measurement of respiratory activity (RA) in response to 1,920 different culture conditions (8) . The three strains surveyed for phenotypic differences were a field isolate of S. enterica serovar Enteritidis PT4, a wild-type S. enterica serovar Enteritidis PT13A strain, and a biofilm-forming S. enterica serovar Enteritidis PT13A strain (21) , whereas genomic comparisons were made by using microarrays to compare the gene contents of the two PT13A strains and the available genomic sequence of S. enterica serovar Enteritidis PT4. The phenotype of each strain was examined at 25 and 37°C, because temperature is a known regulator of cell surface properties of S. enterica serovar Enteritidis (21, 26, 36) . We hypothesized that these analyses, when combined with a small-scale nucleotide fingerprinting technique such as ribotyping, could provide a comprehensive method for surveying the biology of the salmonellae that affects the emergence of pandemic disease in humans.
MATERIALS AND METHODS
Strains used for analysis. In this study, DNA isolated from two PT13A strains with different phenotypes were compared in separate hybridizations to a genomic DNA microarray that was developed from sequence of S. enterica serovar Enteritidis PT4 available on-line from the Sanger Centre (http://www.sanger.ac.uk /Projects/Salmonella/). Phenotype MicroArray analysis was conducted with the same two S. enterica serovar Enteritidis PT13A isolates, as well as a field isolate of S. enterica serovar Enteritidis PT4 isolated in California from an index outbreak that appeared to introduce this phage type into chicken flocks in the United States (39) . The accession numbers for strains examined with the Phenotype Microarray are as follows: S. enterica serovar Enteritidis PT4, ESQRU accession number 22079; S. enterica serovar Enteritidis PT13A which produces a biofilm but not high-molecular-mass LPS, ESQRU accession number 21027; and S. enterica serovar Enteritidis PT13A which does not produce a biofilm but does produce HMM LPS, ESQRU accession number 21046. The two PT13A strains were also the strains used for DNA-DNA hybridization. Strains were characterized to determine their colony morphologies, ribotype patterns, and LPS structures as previously described (21, 26) . The S. enterica serovar Enteritidis PT4 strain could form a biofilm at 25°C and could produce high-molecular-mass LPS at 37°C, whereas the wild-type S. enterica serovar Enteritidis PT13A strain did not form a biofilm at 25°C and the biofilm-forming S. enterica serovar Enteritidis PT13A strain did not produce HMM LPS (21) . Because the expressed phenotype of S. enterica serovar Enteritidis is temperature dependent, all three strains were analyzed with the Phenotype MicroArrays at both 25 and 37°C.
Media. The growth medium used for obtaining DNA for ribotyping was brain heart infusion (BHI) broth (Difco BD, Franklin Lakes, N.J.). The solid medium used for evaluation of colony morphology was brilliant green agar (Acumedia Neogen, Lansing, Mich.) (26, 36) . Biofilm formation is temperature dependent and is evaluated after 48 h of growth at 25°C (26, 36) . Growth of strains for DNA-DNA hybridization microarray analysis has been described in detail previously (68) . The basic growth medium chemistry for Phenotype MicroArray analysis has also been described previously (8) , as have the antibiotic concentrations used in dilution series (8) . For the Phenotype MicroArray analysis reagents and instruments of Biolog (OmniLog) were utilized (8) . Tests were performed by Biolog's PM Services group, Hayward, Calif.
The more conventional methods used for confirmation of the Phenotype MicroArray analysis included growth of strains in minimal medium (2 mM MgSO 4 , 0.1 mM CaCl 2 , 48 mM Na 2 HPO 4 · 7H 2 O, 22 mM KH 2 PO 4 , 8.6 mM NaCl, 0.4% glucose) that was supplemented with 0.2 mg/ml D-serine as a nitrogen source. In addition, antibiotic susceptibilities were tested by a conventional assay (Sensititre Microbiologic Systems, Westlake, Ohio). The panel of antibiotics tested included amikacin, amoxicillin/clavulanic acid, ampicillin, cefoxitin, ceftiofur, ceftriaxone, cephalothin, chloramphenicol, ciprofloxacin, gentamicin, kanamycin, nalidixic acid, streptomycin, sulfamethoxazole, tetracycline, and trimethoprim/sulfamethoxazole (51) .
Genomic microarray construction, DNA labeling, hybridization, data acquisition, and data analysis. Details concerning construction of the Salmonella DNA-DNA hybridization microarray, DNA labeling, hybridization parameters, data acquisition, and analysis have been described previously (6, 43, 69, 70) . In brief, we used a Salmonella-specific DNA microarray that represented PCRamplified sequences from the annotated open reading frames of S. enterica serovar Typhimurium LT2 supplemented with annotated chromosomal open reading frames of S. enterica serovar Typhi strain CT18 and S. enterica serovar Enteriditis PT4, which were more than 10% divergent from those of S. enterica serovar Typhimurium (69) . Overall, the S. enterica serovar Typhimurium genome coverage for the array was 96.6% (4,338 genes), and the overall coverage of the S. enterica serovar Typhi genome was 94.5% (4,348 genes), excluding plasmids. As the S. enterica serovar Enteritidis genome was not annotated at the time, it was annotated automatically using Generation (Oak Ridge National Labs, Oak Ridge, Tenn.) and Glimmer (Institute for Genomic Research, Rockville, Md.) (12) . Putative genes with 95% identity in a window of 100 bases with any sequence on the array were removed. Duplicates in the two annotations were removed. The remaining "S. enterica serovar Enteritidis-specific" genes were used to design primers with Primer3 (Massachusetts Institute of Technology, Boston, Mass.) and to generate PCR products. The DNA was spotted onto Ultra-GAPS glass slides (Corning Inc., Corning, N.Y.) in 50% dimethyl sulfoxide.
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Hybridization and data acquisition. Immediately before use, the labeled probes for the DNA microarray of S. enterica serovar Enteritidis PT4 (control sample) and one of the query S. enterica strains (experimental sample) were combined, mixed with 40 l of 2ϫ hybridization buffer (50% formamide, 10ϫ standard saline citrate, 0.2% sodium dodecyl sulfate), and boiled for 5 min. Standard protocols for hybridization were used, and formamide buffer (http: //www.corning.com/Lifesciences/technical_information/techDocs/gaps_ii_manual _protocol_5_02_cls_gaps_005.pdf) was used for prehybridization, hybridization, and posthybridization wash procedures. A ScanArray 5000 laser scanner (Packard BioChip Technologies, Billerica, Mass.) with the ScanArray 2.1 software was used for image acquisition. Signal intensities were quantified with the QuantArray 3.0 software package (Packard BioChip Technologies, Billerica, Mass.). The median of at least three hybridization ratios per gene was recorded, and genes with signals that were less than 2 standard deviations above the background signal were considered not detected and were removed before graphic or tabular presentation was completed.
Confirmation of DNA microarray analysis by PCR. PCR was used to amplify a targeted sequence to confirm the presence or absence of a gene in the cases where DNA-DNA hybridization analysis suggested that there was a difference between strains. The primer sets and amplicon sizes are shown in Table 1 . The cycling conditions for the ST64b and pefB primer sets were as follows: initial denaturation at 95°C for 1 min and then 30 cycles of 95°C for 30 s, 67°C for 30 s, and 72°C for 1 min. For the three primer sets used to detect the Fels2 sequence, the initial denaturation was at 95°C for 1 min, and this was followed by 30 cycles of 95°C for 30 s, 65°C for 30 s, and 72°C for 1 min. For each reaction, each primer at a concentration of 400 nM, each deoxynucleoside triphosphate (dATP, dCTP, dGTP, and dUTP) at a concentration of 200 M, 1.5 mM Mg 2ϩ , and 2.5 U Taq enzyme (Fisher, Pittsburg, Pa.) were used.
Ribotyping. We used a two-enzyme restriction method that isolated the E. coli rrnB gene probe (accession number J01695) as a 7.5-kb BamHI digestion fragment from pkk3535 (45, 47) . The restriction enzymes used to compare the PT13A strains were SphI (5 U) and PstI (20 U) (New England Biolabs, Beverly, Mass.). Briefly, bacterial cells were pelleted, and the DNA was extracted using a QIAGEN Genomic-tip 100/G kit (QIAGEN, Valencia, Calif.). The DNA was dissolved in 200 l of Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8]) and stored at Ϫ20°C. Southern blot hybridization of the digoxigenin-labeled probe to digested DNA was performed by using standard procedures (40) (41) (42) . The digested DNA was separated by electrophoresis on a 1.0% agarose type II gel (Sigma-Aldrich, St. Louis, Mo.) for 4 h at 100 V using Tris-acetate-EDTA and was transferred to membranes with cross-linking (77) . Digoxigenin-labeled DNA molecular weight marker II (Roche Molecular Biochemicals, Indianapolis, Ind.) was used as a size standard in three wells of each gel. Large DNA fragments were depurinated by soaking the gels in 0.25 M HCl for 10 min. Probes were prepared by using procedures provided with a DIG Easy Hyb kit (Roche Molecular Biochemicals). The images produced were analyzed for banding patterns that correlated with the phenotype. The molecular weights of the probed fragments were calculated by comparison with the external markers, and images from different gels were normalized accordingly (40) .
Phenotype MicroArray analysis. Raw data were obtained from assays of bacteria on standard Phenotype MicroArray sets comprised of 20 96-well master plates, which included 1,920 growth conditions. Some of the growth conditions involved antibiotics that were part of a dilution series (8) . Data were recorded as RA, which is a unitless measure of growth that is relative to the amount of color that develops in each well in response to irreversible reduction of a tetrazolium dye (8) . Each strain was analyzed in duplicate, the results were assessed for repeatability, and the average value was used for evaluations. To begin the analysis, we used negative wells lacking critical metabolites and positive control wells containing select compounds that support growth of salmonellae to develop filtering parameters for defining four major categories of respiratory activity. The following RA categories were defined: (i) inhibited (i.e., less than the negative control well); (ii) insignificant (i.e., similar to the negative control well); (iii) significant; and (iv) stimulated. All negative control wells that lacked critical growth components had some basal respiratory activity ( Table 2 ). Parameters that defined RA categories were determined by analyzing negative and positive control wells for the strain and temperature being analyzed ( Table 2 ). The definitions for RA categories were set by determining averages for each category, followed by factoring in standard deviations and rounding ( Table 2 ). The parameters are strain specific, which accounts for known differences in growth characteristics in broth and on agar plates (24) . Data were filtered in Excel Microsoft spreadsheets by applying parameter settings in a sorting sequence in order to identify RA strain profiles that were statistically different, as determined by the Student t test (53) . Filtering strategy for sorting results from the Phentype MicroArray analysis. To obtain the percentages in each RA category, we filtered data for each strain at each temperature by applying parameters from Table 2 . These filtering parameters were applied in a sequence of logic questions to the entire database (not shown) in order to identify compounds that correlated with the RA profile of S. enterica serovar Enteritidis PT4 and to identify specific compounds that were metabolized differently by phenotype and phage type. For example, the sequence of questions applied to the database to obtain the information in Table  5 was as follows: (i) identify compounds resulting in significant RA for the wild-type S. enterica serovar Enteritidis PT13A strain at 25°C (value greater than or equal to an RA of 25); (ii) identify a subset of these compounds that was associated with a lack of RA by the field isolate of S. enterica serovar Enteritidis PT4 at 25°C (value equal to or less than an RA of 24); (iii) identify the next subset that was associated with significant RA of the field isolate of S. enterica serovar Enteritidis PT4 at 37°C (value equal to or greater than an RA of 75); (iv) identify the next subset that resulted in significant RA of the wild-type S. enterica serovar Enteritidis PT13A strain at 37°C (value equal to or greater than an RA of 75); and (v) finally, identify the next subset that resulted in category 2 (low RA) of the biofilm-forming S. enterica serovar Enteritidis PT13A strain at 37°C (value equal to or less than an RA of 24).
Similar questions were applied in sequence whenever data were screened for metabolic differences between strains. The results of these queries are listed in Table 6 .
RESULTS
Genomic comparison of wild-type and biofilm-forming S. enterica serovar Enteritidis PT13A strains. No genomic differences were detected between wild-type and biofilm-forming subpopulations of S. enterica serovar Enteritidis PT13A by DNA-DNA hybridization analysis. The few cases in which microarray analysis did not unambiguously produce identical gene presence/absence results for the two PT13A strains were checked by PCR analysis, and the results were found to be identical (data not shown). However, ribotyping did detect banding pattern differences between the wild-type and biofilmforming S. enteritidis PT13A strains, which indicates that that there are genomic differences between these strains (Fig. 1) . The wild-type PT13A strain (Fig. 1, lane 2) and similar wildtype strains (Fig. 1, lanes 3 (Fig. 1 , lanes 8 to 11) were missing bands at M r s of 13.0, 6.4, and 3.0 kb and had additional bands at 19.8 and 12.2 kb compared to the wild type. A wild-type mouse isolate of S. enterica serovar Typhimurium was more similar to wild-type S. enterica serovar Enteritidis PT13A than to biofilm-forming strains due to sharing of bands at M r s of 13.0 and 6.4 kb. However, the pattern for S. enterica serovar Typhimurium (Fig. 1, lane 5) was substantially different from the patterns for both PT13A strains at M r s below 6.0 kb (Fig. 1, lanes 2 to 4 and 6 showed that ribotyping was more discriminatory than DNA-DNA hybridization for detecting genomic differences between S. enterica serovar Enteritidis strains belonging to a single phage type, because SNPs can change the profile significantly. In comparison, it takes removal of an entire gene, or at least a 3% nucleotide change in any 100-bp window in a gene, to alter the hybridization patterns on a microarray under the conditions employed (69) . In addition, specific genes that are different in different subpopulations might not be present on the microarray, or genetic differences may also occur in noncoding regions that are not represented on the microarray. Thus, combining the methods is useful for differentiating between major and minor genomic changes when epidemiological investigations are performed. For the salmonellae, dissimilar ribotyping results and similar DNA hybridization results suggest that some, possibly important biological properties may change due to accumulation of SNPs. Genomic comparison of sequenced PT4 with two phenotypes of S. enterica serovar Enteritidis PT13A. (i) Genes absent in PT4 and present in PT13A. Contiguous sequences that were similar to the sequence of the P2-related Fels2 prophage (54, 83, 88) , which spans bp 2844427 to 2879234 (34,807bp) in the S. enterica serovar Typhimurium LT2 genome (54), were present in both PT13A strains and absent in the sequenced genome of S. enterica serovar Enteritidis PT4 (Table 3) . Overall, 39 contiguous genes in the Fels2 genome were identified as genes that were different in S. enterica serovar Enteritidis PT4 and PT13A. PCR analysis using three primer sets confirmed that Fels2 was present only in PT13A and not in the field isolate of PT4 (data not shown). PCR thus confirmed that at least 75% of a Fels2-like bacteriophage genome was present in the two PT13A strains but was missing from both the sequenced PT4 strain and from the PT4 field isolate. This region is being investigated further. The genes flanking the Fels2 prophage in S. enterica serovar Typhimurium LT2 are hlyD (STM2692) and a gene encoding a hypothetical protein (STM2741). Further research is needed to determine if the function of HlyD, which is a component of gram-negative secretion systems (89) , is altered by the presence or absence of bacteriophage Fels2 in different phage lineages of S. enterica serovar Enteritidis or if Fels2 contains genes that have important phenotypic consequences for the cell (ii) Genes present in PT4 and absent in S. enterica serovar Enteritidis PT13A. The genome sequence of S. enterica serovar Enteritidis PT4 was generated at the Sanger Institute in Hinxton, Cambridge, United Kingdom (ftp://ftp.sanger.ac.uk/pub /pathogens/Salmonella/SEpt4.dbs). The results revealed the presence of 28 contiguous genes that were similar to the contiguous sequence of bacteriophage ST64b (Table 2) (14, 57, 58) . Overall, 50 individual genes in the DNA microarray were identified as genes that were present in the sequenced strains of S. enterica serovar Enteritidis PT4 but absent in the PT13A strains investigated. To further analyze the ST64b-like region in S. enterica serovar Enteritidis PT4, we constructed five primer sets from the previously published ST64b sequence (GenBank accession no. AY055382) for PCR amplification of the beginning, middle, and ends of this region in our field isolate of S. enterica serovar Enteritidis PT4. The three primer sets for the middle regions generated amplicons in our S. enterica serovar Enteritidis PT4 strain 22079 but not in the PT13A strains (Table 1) , which is in accordance with the results for the PT4 strain sequenced. (iii) Other findings. The 60-kb virulence plasmid of S. enterica serovar Enteritidis was confirmed to be present in all three strains by microarray analysis. In addition, PCR amplification of pefB, which is the regulator for the plasmid-encoded fimbriae of salmonellae (54, 75) (Table 1) , was positive for all three strains, although the sequence was 1 of the 11 sequences in the 94-kb virulence plasmid of S. enterica serovar Typhimurium (pSLT) that returned inconclusive DNA-DNA hybridization results. The pefB gene is highly conserved in the Salmonella family of large virulence plasmids (10, 28) . In addition, all three strains that were investigated were confirmed to be negative for traI, which is a gene required for transmission of plasmids by conjugation and which is present in pSLT but not in the smaller S. enterica serovar Enteritidis pSLT-like plasmid. Furthermore, sequences similar to STM2235, STM2236, and STM2240, which may be phage related, were found to be present in PT4 and absent in our PT13A strains.
Phenotype MicroArray characterization of S. enterica serovar Enteritidis. Genomic analyses suggested that the phenotypic diversity of S. enterica serovar Enteritidis is due in large part to the generation of SNPs. For this reason, we investigated the degree to which SNPs contributed to physiological differences between the field isolates. All three strains were subjected to a high-throughput Phenotype MicroArray analysis that evaluated bacterial growth under 1,920 different conditions. The size of the database was amenable to statistical analysis, as described in Materials and Methods.
(i) Characterization of RA profiles. Analysis of Phenotype MicroArray data revealed that the three strains of S. enterica serovar Enteritidis had similar growth characteristics, as reflected in the RA profiles at 37°C, which was determined by clustering data in RA categories and applying 4th polynomial curvilinear analysis to develop profiles (Fig. 2B) . At 37°C, the biofilm-forming S. enterica serovar Enteritidis PT13A strain had slight overall differences (5%) in the number of conditions that resulted in inhibited RA (category 1) (Table 4 and Fig.  2B ). However, at 25°C there were pronounced differences between the three strains ( Fig. 2A) . The wild-type S. enterica serovar Enteritidis PT13A strain was most metabolically active on a global basis at 25°C, whereas the biofilm-forming PT13A strain was least active, as shown by the 20% difference in significant RA (category 3). There was nearly a twofold difference in the number of conditions that distinguished between the two PT13A strains (Table 4 ). In contrast, our PT4 field isolate had an RA profile that was intermediate between the RA profiles of the two PT13A strains at a growth temperature of 25°C (Fig. 2A) . It did, however, have an RA profile more like that of the wild-type PT13A strain overall, because only 5% of the conditions were noticeably different between these two strains (Table 4 ). In comparison, 13.5% of the growth conditions were different for our S. enterica serovar Enteritidis PT4 strain and the biofilm-forming PT13A strain at 25°C.
The results of an assay of antibiotic resistance agreed with the data obtained from the Phenotype MicroArray. The wildtype S. enterica serovar Enteritidis PT13A strain was the only strain that was resistant to ampicillin in both assays, at both temperatures, and at all dilutions, which resulted in concentrations that ranged from 16 to 2 g/ml. The wild-type S. enterica serovar Enteritidis PT13A strain was also classified as resistant to tetracycline by the conventional assay, but the results of the Phenotype MicroArray analysis showed that for this strain resistance at 25°C was evident only at 0.03 and 0.07 g/ml and not at 0.13 and 0.27 g/ml. At 37°C, resistance was evident only at the endpoint concentration, which was 0.03 g/ml.
(ii) Temperature-influenced RA profiles of S. enterica serovar Enteritidis. Filtering of all Phenotype MicroArray data revealed that the compounds listed in with temperature-influenced RA profiles of S. enterica serovar Enteritidis PT4 and PT13A, as obtained by following the sequence of logic questions described in Materials and Methods.
The average values for filtered data obtained at 25°C for the PT4 field isolate and the wild-type PT13A strain were 18.9 Ϯ 3.17 and 31.5 Ϯ 4.81, respectively. These values were significantly different (P Ͻ 0.0001) ( Table 5 ). This result was expected, because questions i and ii in the sequence selected for differences. However, filtering had the unexpected result that the average RA of the PT4 strain at 37°C was significantly higher than the average RA of the wild-type PT13A strain for the same group of compounds (P Ͻ 0.0001); these average RA values were 127.2 Ϯ 21.70 and 105.1 Ϯ 26.16, respectively. Thus, the comparatively inhibited metabolic activity of the PT4 field isolate at 25°C was stimulated to a level above that of the wild-type PT13A strain at 37°C. This finding suggests that any strain of S. enterica serovar Enteritidis could have three modes of gene expression. Some strains may have inhibited metabolic pathways at 25°C that still function at 37°C, which was observed for the field isolate of S. enterica serovar Enteritidis PT4. Other strains, such as a biofilm-forming PT13A strain, may lack the ability to use certain metabolic pathways at the higher temperature. Finally, strains more like the wild-type PT13A strain may efficiently express both sets of pathways at both temperatures. Therefore, the compounds listed in Table 5 may activate a temperature-influenced metabolic flux pathway that contributes to growth and outer membrane characteristics for the wild-type PT13A strain that differ from those observed for the biofilm-forming PT13A strain. Some of these compounds, most notably D-biotin and the fatty acids butyric acid, b  21  38  0  144  116  2  Nicotinamide  b  19  30  0  146  117  0  Nicotinic acid  b  24  27  0  142  114  0  Putrescine  b  13  25  0  133  108  7  Quinolinic acid  b  21  33  6  128  89  9  Inositol hexaphosphate  c  17  29  0  107  88  2  6-Phosphogluconic acid  c  13  37  2  90  88  7  Cysteamine  d  20  25  0  86  87 (iii) Other metabolic differences between S. enterica serovar Enteritidis strains. Other metabolic differences between the three strains detected at 37°C may be useful for developing selective media to aid investigation of the subpopulation biology of the salmonellae (Table 6 ). To identify useful compounds, the stringency of the analysis was increased by filtering all strains at RA values of Ն150 and Ͻ25 for determination of significant and stimulated RA and inhibited or low RA, respectively. Thirty-three metabolites, such as ammonia, phosphate, and sulfate, and 21 other nonmetabolites, which were primarily antibiotics, resulted in significant RA of the PT4 field isolate and the wild-type PT13A strain but inhibited or insignificant RA of the biofilm-forming strain (Table 6 ). Table 6 also lists compounds that supported significant RA of only the wild-type PT13A strain. Except for the diamino acid metabolite Trp-Tyr, most of these conditions involved different levels of resistance to antibiotics. In addition, Table 6 lists the few compounds that supported RA of only the biofilm-forming S. enterica serovar Enteritidis PT13A strain. This strain appeared to favor a leucine-containing N source, which may explain the medium requirements of this phenotype that has been associated with enhanced oral invasiveness. The biofilm-forming S. enterica serovar Enteritidis strain also exhibited somewhat increased resistance to aminoglycosides, although this was evident only at the endpoint of a dilution series at concentrations of gentamicin and vancomycin of 0.25 and 10 g/ml, respectively. Only four compounds were associated with inhibited or low RA of only the wild-type PT13A strain, and two of these were hydroxyl derivatives of the fatty acid phenyl acetic acid used as a carbon source (Table 6 ). Filtering of data at 25°C was not possible, because the RA profiles were already too different to be compared further.
(iv) General stimulants of S. enterica serovar Enteritidis respiratory activity. With filtering set at a very stringent RA value of Ն250 for each strain, 18 growth conditions were identified that appeared to be general stimulants for all phenotypes at both temperatures ( Table 6 ). The average RA values for this set of conditions for the PT4 field isolate, the wild-type PT13A strain, and the biofilm-forming PT13A strain grown at 37°C were 282.8, 283.7, and 265.5, respectively. At 25°C, the average RA values were 176.6, 184.1, and 175.5, respectively, for the same set of growth conditions. At 37°C, the PT4 field isolate and the wild-type PT13A strain had similar average values (P ϭ 0.38), both of which were significantly higher than that of the biofilm-forming PT13A strain (P Ͻ 0.0001). At 25°C, the PT4 field isolate and the biofilm-forming PT13A strain had similar average values (P ϭ 0.37), which were significantly lower than the value for the wild-type PT13A strain (P Ͻ 0.001 for the PT4 field isolate and P Ͻ 0.02 for the biofilm-forming PT13A strain). These results also support the concept that PT4 has a temperature-influenced pattern of growth that at 37°C resembles that of the wild-type PT13A strain and at 25°C is somewhat similar to that of the biofilm-forming PT13A strain.
(v) Correlation of respiratory activity with growth of S. enterica serovar Enteritidis in minimal medium. We compared the Phenotype MicroArray results to the results obtained when strains were grown at 37°C in minimal medium that had been supplemented with only D-serine as a nitrogen source and in rich complete BHI medium. Significantly lower (P Ͻ 0.001) average optical densities at 600 nm were obtained for the biofilm-forming PT13A strain in minimal medium than for the PT4 field isolate and the wild-type PT13A strain. These values were 0.024 Ϯ 0.001, 0.385 Ϯ 0.006, and 0.482 Ϯ 0.002 (averages Ϯ standard deviations), respectively. Similar (P Ͼ 0.15) average optical densities (1.14, 1.15, and 1.15, respectively) were observed for the biofilm-forming PT13A strain, the PT4 field isolate, and the wild-type PT13A strain grown in BHI medium. These results support the concept that Phenotype MicroArray analysis is a sensitive method for identification of compounds that are metabolized significantly differently by bacterial strains that are otherwise closely related. However, each compound that is identified by Phenotype MicroArray analysis as a compound that has a significant impact on RA requires further analysis to determine the optimal concentrations that can be used to correlate the results obtained with it with other types of assays.
DISCUSSION
In summary we determined that (i) S. enterica serovar Enteritidis PT4 and PT13A are closely related genetic variants that harbor different phages with some similarity to bacteriophages ST64b and Fels2, respectively; (ii) the genetic variation within a single phage type appears to consist of SNPs, which are more effectively investigated by genetic fingerprinting methods than by gene content-based DNA-DNA hybridization; and (iii) the metabolic characteristics and antibiotic resistance characteristics of subpopulations can vary significantly within and between phage types.
Temperature influenced the expression of phenotypes in these experiments, which was a predictable result given previous results obtained from analyses of lipopolysaccharide structure (21) and from the general knowledge that temperature is a regulator of the S. enterica serovar Enteritidis phenotype (26, 36) . What was unexpected was that the effect of temperature on RA, and hence growth, varied dramatically between strains, as detected by the Phenotype MicroArrays. The finding that many compounds inhibited the growth of the biofilm-forming PT13A strain and the PT4 field isolate compared to the growth of the wild-type PT13A strain suggests that there is some on-farm advantage to being able to limit growth, because biofilm formation by Salmonella is a virulence factor in some assays (79, 80) . Thus, it is possible that egg-contaminating strains of S. enterica serovar Enteritidis have a gain in function that results in activation of an alternative metabolic pathway that aids growth in the on-farm environment. This concept is supported by previous studies that showed that some strains of S. enterica serovar Enteritidis were capable of high-cell-density growth in vitro (24) . Thus, results obtained here identified a number of compounds that should be useful for further characterization of metabolic pathways that specifically contribute to high-cell-density growth.
A notable finding is that D-serine stimulated the growth of a The RA filtering parameters for the PT4 field isolate, the wild-type PT13A strain, and the biofilm-forming PT13A strain were 150, 150, and Ͻ25, respectively. b Two or more dilutions in a dilution series differentiated phenotypes; otherwise there was only an endpoint difference. See reference 8 for the concentrations used. c The RA filtering parameters for the PT4 field isolate, the wild-type PT13A strain, and the biofilm-forming PT13A strain were Ͻ25, 150, and Ͻ25, respectively. d The RA filtering parameters for the PT4 field isolate, the wild-type PT13A strain, and the biofilm-forming PT13A strain were Ͻ25, Ͻ25, and Ͼ50, respectively. e The RA filtering parameters for the PT4 field isolate, the wild-type PT13A strain, and the biofilm-forming PT13A strain were Ͼ150, Ͻ25, and Ͼ50, respectively. f The RA filtering parameters for the PT4 field isolate, the wild-type PT13A strain, and the biofilm-forming PT13A strain were Ͼ250, Ͼ250, and Ͼ250, respectively. (37, 72) . Salmonellae can synthesize biotin (78) , but an additional source might stimulate growth. These results also support previous findings that fatty acids, and hence activation of the glyoxylate metabolic pathway, may aid emergence of egg-contaminating strains in the paired ceca of the hen (21, 38) . It is not known yet how the results of Phenotype MicroArray analysis correlate with virulence factor expression. For example, a leucine-containing nitrogen source could be important for the expression of virulence factors by biofilm-forming subpopulations, which are more orally invasive in chicks but are not recovered from contaminated eggs (26) . The leucine-responsive regulatory protein (Lrp) is a regulator of the Spv operon on the Salmonella large virulence plasmid and of type III secretion (29, 52, 55, 80, 81) . In addition, the on-farm environment itself may provide specific conditions that encourage evolution of metabolic flux pathways of pathogenic strains that coincidentally alter virulence factor expression (38, 84) . The compounds identified here are thus a starting point for investigating environmental conditions that are selective for pathogenic salmonellae on farms that vary in their metabolic flux pathways.
ST64b has a mosaic structure that could aid insertion of new genes into the salmonella genome from diverse sources (57) . The complete sequence of the ST64b-like phage of S. enterica serovar Enteritidis PT4 is available, and it has some significant dissimilarities compared with the sequence of the ST64b phage that was isolated from an S. enterica serovar Typhimurium strain (9, 57) . In contrast, preliminary sequencing of the Fels2-like phage of S. enterica serovar Enteritidis PT13A suggests that it is similar to the previously published Fels2 sequence present in S. enterica serovar Typhimurium LT2, although it is not yet known if a complete phage is present in these two PT13A strains (54) . Further characterization of these two phages should help determine their roles in the evolution of high-incidence egg contamination.
Given the information that we now have from correlating phenotype with genotype, it is possible to propose some general concepts about evolutionary factors that aided the emergence of egg-associated pandemic salmonellosis. By evolving specialized subpopulations with variant physiologies, S. enterica serovar Enteritidis appears to have extended its access to anatomical sites beyond the mucosa within the avian host. However, the reproductive system applies stringent selection pressure on most salmonellae; thus, only certain strains are recovered from eggs (21) . We suggest, then, that the problem of egg contamination is derived primarily from adaptive radiation that specifically aids survival and growth of the pathogen in the avian reproductive tract (49, 50) .
The on-farm environment is a rich source of a variety of nutrients and growth conditions that are different from those provided by the avian host. Thus, there are two scenarios that may contribute to contamination of fruits, nuts, and vegetables by S. enterica serovar Enteritidis. Each plant commodity may place unique selection pressures on S. enterica serovar Enteritidis, which then evolves to grow in that environment. Alternatively, S. enterica serovar Enteritidis that has already undergone avian selection pressure grows well en masse in a number of on-farm environments. In support of the latter concept are the research findings that only some strains of S. enterica grow to high cell density (24, 27, 87) as well as metabolize a wide range of growth factors (this study). Rodents may also be as likely a risk factor for contamination of raw food products as they are for egg contamination, because they are a rich source of heterogeneous subpopulations of S. enterica serovar Enteritidis that vary in growth potential (25, 33) .
Thus, we describe here a survey of the type of phenotypic characteristics that are associated with variant genotypes of S. enterica serovar Enteritidis. Phenotype MicroArrays were repeatable and dependable for the characterization of closely related Salmonella strains that have different pathogenic potentials. In addition, it is possible that a single band shift within a phage type may indicate an evolutionary event in this pathogen that has potential for increasing human disease. Further correlations of phenotype with genotype are in progress for a number of Salmonella strains and serotypes in order to develop a more comprehensive picture of how adaptive radiation by the pathogenic salmonellae affects the emergence of food safety problems.
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